OBJECTIVE: Leptin is the product of ob gene shown to regulate body fat in mice. It is produced by human adipose tissue as well, but its physiological functions in man are not known. We explored if there is a relationship in obese humans with serum leptin and energy and fuel metabolism. DESIGN: Cross-sectional study including 45 obese (10 men, 35 women; age and body mass index: 42 AE 7 y and 35.1 AE 3.6 kg/m 2 , respectively). MEASUREMENTS: Food intake by a four-day-food record, blood samples for serum leptin concentrations and resting energy expenditure by indirect calorimetry. RESULTS: Leptin concentrations showed an inverse association (adjusted for fat mass, age and sex) with resting energy expenditure, respiratory quotient and carbohydrate oxidation rate (r 7 0.324, P`0.05; r 7 0.420, P`0.01; r 0.478, P `0.01, respectively), and interestingly, also with dietary fat intake (unadjusted r 7 0.30, P`0.05). Especially, leptin concentrations were elevated in those with low resting energy expenditure and respiratory quotient (below the median). CONCLUSION: Serum leptin concentrations in obese subjects showed an inverse association with resting energy expenditure, respiratory quotient and carbohydrate oxidation rate. The physiological signi®cance of these associations is unclear at the moment but could indicate that obese subjects show resistance to the actions of leptin also outside the brain in terms of regulating metabolic rate and fuel metabolism.
Introduction
Serum leptin is a 16-kilodalton product of the ob gene shown to regulate food intake and reduce body fat when administered to ob-de®cient mice. 1±4 This ob gene product is expressed also in human white adipose tissue 5±7 but so far no mutations of the ob gene in obese human subjects have been identi®ed. In fact, increased expression of the ob gene in adipocytes of obese subjects has been recently reported. 5, 6, 8 Assays for detection of leptin in serum have been developed 9, 10 and it has been shown that serum leptin concentrations are increased in obese subjects, correlate with body weight and decline with weight loss. 9, 10 These ®ndings suggest that obese subjects could be resistant to the biological function of leptin, or that the immunologic assays do not correlate with biological activity. Recently, the leptin receptor (OB-R) has been cloned from mouse choroid plexus and its mRNA is expressed also in many other tissues. 11 The same authors identi®ed a human analog of OB-R, 11 but the receptor signalling actions of leptin are obscure.
The biological functions of leptin in humans are largely unknown. It is possible that leptin also regulates energy metabolism 3 but so far, no study has addressed the relationship of energy expenditure in relation to leptin concentrations in humans. In this study we have analyzed in well-characterized obese subjects the serum leptin concentrations in relation to energy expenditure and fuel metabolism. We present evidence that leptin concentrations are inversely associated with resting energy expenditure, respiratory quotient and carbohydrate oxidation rate in obese Caucasian subjects.
Research design and methods
Altogether 45 obese (initial inclusion criterion; body mass index 28.0±43.0 kg/m 2 ), middle aged subjects (10 men) who wished to participate in a weight reduction program, were recruited mainly from occupational or primary health care systems in Kuopio. subjects was 42 AE 7 (24±55) years and the mean body mass index (BMI) and waist/hip-ratio were 35.1 AE 3.6 (range 30.4±43.3) kg/m 2 and 0.92 AE 0.09 (range 0.76± 1.14), respectively. Altogether ®ve (11%) subjects were current smokers. Table 1 summarizes the clinical characteristics. The main exclusion criteria applied for this study were body weight loss b 4 kg in three months prior screening, previously known or newly diagnosed diabetes (by repeated measurements of fasting plasma glucose), signi®cant thyroid, liver or kidney disease, eating disorders as assessed by standardized questionnaires and markedly elevated blood pressure (diastolic blood pressure ! 105 mmHg). The study plan was approved by the Ethics Committee of Kuopio University and Kuopio University Hospital.
All the measurements were done after an overnight fast with standardized methods. BMI (body mass index weight(kg)/height(m 2 )) was calculated. Body composition was determined by a bioelectrical impedance method (BIA 101, RJL systems, Detroit, USA) on the right side of the body in a supine position in a hospital bed. 13 Four electrodes were placed on the dorsal side of the hand and foot. Resistance and reactance were measured with 800 mA at a frequency of 50 kHz. Lean body mass and fat mass were calculated using the regression equation of the manufacturer. The bioimpedance was validated as a measure of body composition from a separate cohort of obese subjects (n 56) with DEXA (Lunar DPX, Lunar Radiation Corp, Madison, WI, USA) and methods showed quite a good agreement (r 0.973 for lean body mass, r 0.921 for fat mass, unpublished observations). Resting heart rate was calculated from 12-lead conventional ECGs. Serum insulin was analyzed by a RIA with double antibody-PEG technique (CIS Bio International, B.P. 32, F-911 92 Gif-sur-Yvette Cedex, France). Serum glucose was analyzed by kinetic photometry with glucose dehydrogenase. 14 The precision of the method was 0.2 mmol/L. Serum samples for leptin determinations were stored at 770 C for an average duration of 3.5 y. The leptin assay was performed in the laboratory of professor Steven Haffner using a commercial radioimmuno assay (Linco Research, Inc., St. Louis, MO, USA). 15 Resting energy expenditure was measured by indirect calorimetry (Deltatrac 1 , TM Datex, Helsinki, Finland) using a computerized ventilated canopy-gas analyzer system, which was calibrated with a precision gas mixture before each measurement. Brie¯y, 40 Lair/min was drawn through the canopy, which was placed on the head of the patient. Samples of inspired and expired air were analyzed for differences of oxygen concentration (using a paramagnetic differential oxygen sensor) and of carbon dioxide (using an infrared carbon dioxide analyzer). Signals from the gas analyzers were processed by the computer, and oxygen consumption ( y 2 ), carbon dioxide production ( gy 2 ) and respiratory quotient (RQ) were calculated once a minute for 30 min. The ®rst 10 min of each set were routinely discarded and the mean value of the data for the remaining 20 min was used in the calculations, if steady-state conditions were obtained. Resting energy expenditure (kcal/ min) was calculated according to Ferrannini 16 and expressed as kcal/24 h. Urinary excretion of nitrogen was collected for 12 h between 2000 h and 0800 h and analyzed by the automatic Kjedahl method. Protein oxidation was calculated from the urinary excretion of nitrogen ( 6.25 6 N mg/min). 16 Food intake was estimated by a 4 d food record (two weekdays and two weekend days). The subjects were instructed upon the completion of these records by an academic dietitian and the study participants were given food scales for the estimation of food items. These food records were reviewed by the dietitian with each patient. Calculations for energy and nutrient intake were made using the Nutrica Software package for nutrient intake analysis (Social Insurance Institution, Helsinki, Finland).
Statistical methods
The normal distribution of variables was checked with Kolmogorow±Smirnow's test. Serum leptin concentrations in this population of obese subjects showed a normal distribution. Student's t-test or analysis of variance (ANOVA) were used for comparison of variables among the groups and continued with an 
Result
The percentage of fat mass and serum leptin concentrations were higher in women whereas the lean body mass, and resting energy expenditure were higher in men ( Table 1) . The difference in serum leptin concentration between sexes persisted as statistically signi®cant also after adjustment for age and fat mass (F 10.6, P 0.002).
A signi®cant correlation (r 0.60, P`0.001, n 45) between the body fat mass and serum leptin concentration was observed. Leptin correlated also with lean body mass (r 0.31, P 0.04; adjusted for age and sex r 0.29, NS; after adjustment for age, sex and fat mass r 0.275, NS). However, no signi®cant correlation between fasting insulin and leptin concentrations was observed (r 70.15, NS; age and sex adjusted partial correlation coef®cient r 0.087, NS). Furthermore, no signi®cant group differences in serum leptin concentrations were found when the tertiles of serum insulin were compared (data not shown). Energy and fat intake were inversely associated with serum leptin concentrations, although the associations weakened after the adjustments to the nonsigni®cant level (Table 2) .
Leptin concentrations correlated inversely with resting energy expenditure after adjustment for age, sex and fat mass (Table 2) . Furthermore, in the linear regression model including age, sex and leptin, serum leptin was the only independent explanatory variable for resting energy expenditure (beta 70.314, P 0.033) accounting for 5% of the variation. Lean body mass was, as expected, the major determinant of resting energy expenditure accounting for 61% of its variation (r 2 in stepwise multiple linear regression analysis additionally including age, sex and leptin). The correlation between lean body mass and fat mass was 0.621, P`0.002 (adjusted for age and sex). However, when both fat mass and lean body mass together with their interaction term, age and sex as well as serum leptin were introduced into the regression model, these factors did not explain signi®cantly the resting energy expenditure.
After these adjustments to partial correlation coef®cient between serum leptin and lean body mass became non-signi®cant. No consistent associations between resting heart rate and serum leptin were observed. Instead, serum leptin correlated inversely with carbohydrate oxidation rate. In the regression analysis, serum leptin was the only independent variable explaining carbohydrate oxidation rate, accounting for 26% of its variation (other variables in the model were age, sex, fat mass, lean body mass and their interaction term). Serum leptin levels correlated inversely with respiratory quotient, a relationship which persisted after adjustment for age, sex and body mass index. In multiple linear regression analyses, serum leptin was the major and only statistically signi®cant explanatory variable for respiratory quotient, accounting for 21% of its variation (b 70.460, P 0.002) when other variables included in the model were age, sex and fat mass or additionally lean body mass and the interaction term.
To further explore the associations between the leptin and respiratory quotient we divided the subjects into tertiles of the respiratory quotient (Figure 1 ). There was an inverse association (P 0.019 for trend by ANOVA when age, sex and fat mass were used as covariates). We divided the subjects according to the median values for energy expenditure and respiratory quotient (Figure 2 ). The highest serum leptin concentrations were observed in those with low resting energy expenditure and respiratory quotient and the lowest in those with high values, respec- Table 2 Unadjusted and adjusted correlation coef®cients between serum leptin and energy and fat intake, resting energy expenditure, heart rate, fuel oxidation, and respiratory quotient 7 0.46** 7 0.42** 7 0.37* * P`0.05; ** P`0.01; *** P`0.001.
Serum leptin, obesity, and energy expenditure L Niskanen et al tively (P 0.03 for trend by ANOVA when age, sex and body fat mass were used as covariates).
Discussion
As far as we are aware, this is the ®rst study on obese humans to address the resting energy expenditure and fuel metabolism in relation to serum leptin concentrations. In fact, it has been speculated that the physiological signi®cance of serum leptin is, in addition to acting as a satiety link between adipose tissue and the central nervous system, to regulate energy expenditure. 17 Compelling evidence in support of this concept comes from the recent study by Levin et al 18 who used a classic pair feeding setting and ob protein infusion in lean and genetically obese ob/ob mice. In lean mice, ob protein treatment led to a signi®cant loss of body fat, but food intakes was reduced markedly less in lean mice than in ob/ob-mice. Interestingly, in control lean mice with a corresponding energy intake the body fat-depot weights did not change. These ®ndings strongly suggest that the ob protein has adiposereducing effects not explained solely by decreased energy intake. In mice cold exposure leading to an increase in energy expenditure was associated with suppressed ob gene expression, probably mediated by the sympathetic nervous system. 19 In our study only the resting heart rate was taken to imply sympathetic nervous system activity but in this regard no evident relationship could be observed with leptin concentrations. Interestingly, serum leptin correlated inversely with resting energy expenditure. This ®nding could indicate that subjects in our study were resistant to the biological action of leptin. Furthermore, Caro et al 20 recently suggested the dual role for leptin in humans; ®rst as an index of the amount of stored triglycerides in adipose tissue and second, as a sensor of energy balance. On the basis of this hypothesis, if an individual experiences a perturbation causing an increase in fat deposition, both an increase in energy expenditure and a decrease in appetite will follow as a consequence of the change in leptin concentration. These changes will act to restore the steady-state balance, and the reverse occurs when fat deposition is reduced. However, most obese subjects seem to be leptin resistant.
9,10,20 Therefore, our ®ndings showing an inverse association between serum leptin and resting energy expenditure could be interpreted to re¯ect the resistance of metabolic rate regulated by leptin or neuropeptide Y in obese subjects, although the physiological links are still vaguely known. 20 Another novel ®nding in this study was that serum leptin showed an inverse association with respiratory quotient and oxidation rate of carbohydrates which was not explained by sex, age or the amount of fat mass, neither by the lean body mass. Respiratory quotient re¯ects mainly the oxidation of energy fuels; higher values (close to 1) indicating preferential oxidation of carbohydrates and values close to 0.70 oxidation of fats. 16 High intake of dietary fat in mice has been reported to reduce the biological action of leptin 21 and it may thus be possible that a (relatively) high intake of dietary fat was one of the factors behind the relationship of serum leptin with carbohydrate oxidation rate and respiratory quotient. Despite the inverse correlation of serum leptin and respiratory quotient, we observed an inverse, but not an independent, relationship of dietary fat intake with serum leptin. This could be due to the fact that the estimation of energy intake with food records is fraught with known dif®culties, especially in obese subjects. However, note that leptin concentrations were highest in those with both low respiratory quotient and resting energy expenditure. This could again be a marker of leptin resistance. Saladin et al 22 demonstrated that the rhytmicity of the expression of adipose tissue ob mRNA markedly increased after food intake. Provided the ®ndings by Saladin et al can be equated with changes in human leptin concentrations, they support the concept that diet may modulate leptin activity. Recently, it was suggested that one important effect of leptin may be to suppress ingestion of fat without affecting carbohydrate intake 23 nicely ®tting with our ®ndings, which again could indicate the resistance of these effects to the action of leptin in obese subjects. However, these associations must be viewed as highly speculative at the moment.
Conclusions
Serum leptin concentrations were inversely associated with resting energy expenditure. In addition, leptin showed an independent inverse association with carbohydrate oxidation rate and respiratory quotient. The physiological signi®cance of these associations is unclear at the moment but could indicate that obese subjects show resistance to the actions of leptin also outside the brain in terms of metabolic rate and fuel metabolism.
